Abstract Previous studies revealed associations of urinary Cd (U-Cd), a chronic Cd exposure biomarker, with blood pressure (BP) in non-pregnant adults. However, the evidence regarding trimester-specific blood pressure in pregnancy and U-Cd and effect modification by dietary intake of micronutrients is scarce. We randomly selected 653 women from the Omega Study cohort. U-Cd was quantified by inductively coupled plasma mass spectrometry. Trimester-specific, systolic (SBP) and diastolic blood pressure (DBP) were determined employing standard protocols and mean arterial pressure (MAP) was also calculated. Associations of SBP, DBP, and MAP with U-Cd tertiles (≤0.21; 0.22-0.41; ≥0.42 μg/g Cr) were assessed using multivariable linear regression models. We also explored effect modification by pre-pregnancy BMI (≤25 or >25 kg/m 2 ) or low/high micronutrients intake. After adjusting confounders in women with elevated (upper tertile) as compared with those with low (lowest tertile) U-Cd (≥0.42 vs. ≤0.21 μg/g Cr, respectively) had reduced third trimester MAP (−1.8; 95 % confidence interval (CI) = −3.1, −0.5 mmHg) and second trimester MAP (−1.1; 95 % CI = −2.3, −0.03 mmHg). A significant decrease in thirdtrimester MAP associated with increased U-Cd was observed only among normal/underweight women (BMI ≤ 25 kg/m 2 ) and women with high dietary intake of micronutrients (calcium, magnesium, zinc, and selenium). Notably, U-Cd concentrations increased with the increased consumption of zinc and non-heme iron food sources. No significant differences in U-Cd concentrations were found in preeclamptic women compared with nonpreeclamptic women. Our study provides evidence that dietary intake of micronutrients should be taken into account when assessing the health effects of Cd in pregnant women.
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Keywords Blood pressure . Urinary cadmium . Pregnancy . Micronutrients Background Cadmium (Cd) is a toxic metal found in food, tobacco, and certain occupational environments. In the general nonsmoking population, diet is the most important source of Cd [1] . Leafy greens vegetables, grains, shellfish, root vegetables, legumes, seeds and nuts, and organ meats are typically considered to be the most significant dietary sources of Cd among non-smokers [2, 3] . The effects of Cd on human health are diverse ranging from renal failure to osteoporosis, diabetes, and cancer [4] . Moreover, Cd exposure has been associated with cardiovascular disease, such as coronary heart disease [5] , peripheral artery disease [6] , and heart rate variability [7] . Cd has a very long half-life in humans-ranging from 5 to 30 years. Of note, urinary Cd (U-Cd) mainly measures long-term exposure and blood Cd (B-Cd) recent exposure, but with noticeable overlap [8] . The association of either B-Cd or U-Cd with blood pressure has been inconsistent among non-pregnant adults with some studies showing a positive association of Cd with blood pressure while others finding non-significant or even inverse association [9] .
Among adults, women constitute a risk group for Cd toxic effects partly because of higher concentrations of Cd in blood, urine, and kidney and also, they are able to absorb more Cd through the gastrointestinal tract due to higher prevalence of low iron stores [10] . Besides sex differences, pregnancy represents an increased susceptibility to Cd toxic effects for both the mother and the fetus [11, 12] .
In the course of normal pregnancy, mean arterial pressure (MAP) increases in the third trimester (37-40 weeks) compared with values in early pregnancy (17-20 weeks) (89 vs. 84 mmHg, respectively) [13] . Additional, preexisting cardiovascular conditions might be exacerbated by adaptations that occur during pregnancy such as circulating blood volume increase, systemic vascular resistance, and cardiac output increase, among others [13] . Many other factors may increase preeclampsia risk including overweight/obesity [14] ; deficient intake of micronutrients (calcium, selenium, zinc, and magnesium) [15] [16] [17] ; and Cd exposure [18, 19] . At molecular level, Cd interferes with absorption of calcium, zinc, selenium, and magnesium and deficiencies of these essential metals exaggerate cadmium toxicity due to increased absorption in the gut and greater retention in different organs [20, 21] .
To the best of our knowledge, the relation between U-Cd and trimester-specific blood pressures have not been assessed. Therefore, we hypothesized that U-Cd will be associated with increased third-trimester MAP and this increase will be attenuated by higher dietary intake of micronutrients. We further hypothesized that the increase in MAP associated with U-Cd will be restricted to overweight/ obese pregnant women.
Material and Methods

Study Population
The Omega Study, a large (N = 4344) prospective cohort study (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) based at the Center for Perinatal Studies at Swedish Medical Center in Seattle, Washington, USA was designed to investigate risk factors of pregnancy complications [22] . Participants were recruited from prenatal care clinics affiliated with Swedish Medical Center (Seattle, Washington) and Tacoma General Hospital (Tacoma, Washington). Women who spoke English and initiated prenatal care at a study clinic prior to 20-week gestation were eligible for participation. Women who were less than 18 years of age, did not intend to carry the pregnancy to term, or did not plan to deliver at study institutions were excluded. All procedures and study protocols were approved by the institutional review boards at the University of Washington and the study hospitals, and all participants provided written informed consent.
We selected a subcohort of 732 women randomly drawn from the full Omega study cohort. From the subcohort of 732 women, we excluded 29 women with multifetal pregnancies, 17 women with diabetes prior to pregnancy, 5 women with renal disease, 26 women with pre-gestational chronic hypertension, and 2 women with both conditions renal disease and hypertension. After exclusions, the analytic population for this study included 653 women.
Data Collection
Enrolled participants were asked to participate in a 45-to 60-min interview during which trained research personnel used a structured questionnaire to elicit information regarding maternal sociodemographic characteristics, lifestyle habits (such as alcohol and tobacco use), and medical and reproductive histories. Three possible answers were employed to assess smoking status: (1) never smokers, (2) former smokers, or (3) current smokers. Trained interviewers collected maternal anthropometry by using a structured questionnaire shortly after enrollment (15 gestational weeks, on average). Participants completed a self-administrated, validated, and semi-quantitative food frequency questionnaire (FFQ) describing dietary intake over the prior 6 months (3 months before pregnancy through the first 3 months of pregnancy, on average) [23] . For each food item, a standard portion size was specified and the participants answered how often, on average, they consumed food of that specified amount. There were nine possible coding responses, ranging from Bnever or less than once per month^to Bsix or more times per day.^For example, zinc intake from food sources was calculated by multiplying the frequency of consumption of each food by zinc composition in the specified amount of that food and then summing up the zinc intake from each food item. Similarly, the food intake of calcium, magnesium, selenium, and total iron was calculated [23] . In addition, we asked about the use of vitamin supplements during pregnancy.
Pre-pregnancy body mass index (BMI) was calculated as self-reported weight in kilograms divided by height in meters squared. Overweight/obese women were defined as having a BMI > 25 kg/m 2 and normal/underweight women as having a BMI ≤ 25 kg/m 2 . Maternal medical records were abstracted by trained study personnel to confirm medical and reproductive histories and to ascertain pregnancy course, complications, and outcomes.
Urine Cadmium
Urine cadmium was assessed in early pregnancy at 15 weeks gestation, on average (standard deviation = 2.9, interquartile range = 13-17 gestational weeks), a clean-catch spot urine was collected in polyethylene containers, promptly separated into 2-mL aliquots, and stored at −80°C until analysis. Urine Cd and total arsenic concentrations were quantified using a validated method of inductively coupled mass spectrometry (ICP-MS) following published protocols [24] at Metametrix Clinical Laboratory, a Clinical Laboratory Improvement Amendments (CLIA)-certified facility in Duluth, Georgia.
Briefly, urine samples were shaken and 1 mL was acidified with 100 μL of concentrated HNO 3. Then, 500 μL of an internal standard solution, containing scandium, rhodium, and germanium (5 μg/L each) was added. Samples were diluted to 5 mL with deionized water. Polyatomic interferences were minimized by utilizing ICP-MS with a dynamic reaction cell (PerkinElmer SCIEX Elan DRC II with ESI SC-4, FAST Autosampler). The accuracy of ICP-MS was checked by conducting proficiency testing using urine reference material (New York Toxic/Trace Elements in Urine Event 3#1 2012). Urine creatinine (Cr) concentration was assessed using a commercially available kit (Genzyme Diagnostics, Catalog #221-30/#221-50) with improved Jaffe Reaction. The limit of detection for U-Cd and total arsenic was 0.10 and 3.0 μg/g Cr, respectively. Laboratory personnel were double-blinded to pregnancy outcome information and other clinical characteristics.
Blood Pressure
During the study period, healthcare providers took blood pressure (BP) readings as part of a routine clinical practice. Although the measures were not strictly standardized as they would be in a clinical trial, BPs were taken twice using standard mercury sphygmomanometers (scaled to 11 numbers) and patients were rested and seated during examination. Systolic BP (SBP) and diastolic BP (DBP) were measured at first, second, and third trimester of pregnancy and mean arterial pressure (MAP) was computed at each trimester of pregnancy. MAP, considered an integrated parameter of BP, is known to be more reproducible than individual SBPs and DBPs [25] and has been employed to assess BP trajectories during pregnancy [26] . We therefore calculated trimesterspecific MAP for each subject according with the following formula: MAP = 2/3 DBP + 1/3 SBP.
Preeclampsia and GDM Diagnosis
The diagnosis of preeclampsia (PE) was made according to American College of Obstetricians and Gynecologist guidelines [27] . These guidelines defined PE as a new onset hypertension with proteinuria in women who are beyond 20 weeks of gestation. Hypertension was defined as sustained blood pressure readings of ≥140/90 mmHg taken ≥6 h apart. Proteinuria was defined as urine protein concentrations ≥300 mg/dL on two or more random specimens collected at least 4 h apart.
As part of routine antenatal follow-up among all women at participating clinics, a 50-g, 1-h oral glucose challenge test was administered between gestational weeks 24 and 28 to screen for gestational diabetes mellitus (GDM). Women were diagnosed with GDM if two or more 100-g, 3-h oral glucose tolerance test levels exceeded the American Diabetes Association (ADA) criteria: fasting ≥5.3 mmol/ L (≥ 95 mg/dL); 1 h ≥ 10.0 mmol/L (≥ 180 mg/dL); 2 h ≥ 8.6 mmol/L (≥155 mg/dL); and 3 h ≥ 7.8 mmol/L (≥ 140 mg/dL) [28] .
Statistical Analysis
We compared the frequency distribution of relevant characteristics of the population according to tertiles of maternal urinary cadmium in the subcohort. Tertiles were defined based upon the distribution of urinary creatinine-corrected Cd (U-Cd). Chi-square test for categorical variables and ANOVA for continuous variables were computed to determine whether there were statistically significant differences in sociodemographic and reproductive characteristics across tertiles of U-Cd.
Multivariable linear regression analyses were performed to evaluate the associations between MAP, SBP, or DBP (i.e., the dependent variables) and U-Cd (i.e., the independent variables) separately. Confounding was empirically assessed by entering covariates into each model one at a time, and by comparing the adjusted and unadjusted coefficients. Final linear regression models included covariates that altered unadjusted coefficients by at least 10 %. Adjusted R-square values, representing the total variation of each blood pressure measures explained by covariates in final models, were also reported. The following covariates were a priori considered as possible confounders based on their hypothesized relationships between outcomes (MAP) and exposure (U-Cd): maternal age (<25, 25-34, ≥35 years); race/ethnicity (NonHispanic White, African-American, Asian, Other); multiparity (yes/no); gravidity; post high school education (yes/no); smoking during pregnancy (never smoker, former, or current smoker); alcohol use during pregnancy (yes/no); no exercise during pregnancy (yes/no); prenatal vitamin intake (yes/no); pre-pregnancy body mass index (BMI) (< 25, ≥25 kg/m 2 ); income group (US$<30,000 per year); marital status (married-yes/no); family history of diabetes (yes/ no); family history of hypertension (yes/no); gestational diabetes case (GDM) (yes/no); urinary total arsenic (U-As); and iron-deficiency anemia during pregnancy (yes/no). Adjusted R-squares and 95 % confidence intervals (95 % CI) were calculated from the models.
Employing logistic regression adjusted for potential confounders, we evaluated the possible association between the incidence of preeclampsia and the U-Cd concentrations as a continuous variable. We considered a priori the confounders previously listed for Cd and MAP associations.
Secondary Analysis
We explored the independent and joint effects of high UCd (≥0.42 μg/g Cr, representing the high tertile of U-Cd vs. ≤0.21 μg/g Cr) and pre-pregnancy overweight/obese status (BMI >25 vs. BMI ≤25 kg/m 2 ) on trimester-specific MAP by adding a term for the interaction between high U-Cd and pre-pregnancy overweight/obese status to the multivariable model. Trimester-specific MAP among women with high U-Cd was compared to values among women with low U-Cd (≤0.21 μg/g Cr) within groups defined by pre-pregnancy overweight/obese status (prepregnancy BMI >25 vs. ≤25 kg/m 2 ). Because micronutrient deficiencies might increase Cd absorption [29] and toxicity [21] , we explored trimester-specific MAP and U-Cd associations in stratified analyses for micronutrients intake: above or below the mean values of the subcohort (1100 mg/day for calcium, 276 mg/day for magnesium, 11 mg/day for zinc, 13 mg/day for iron, 0.77 mg/day for heme iron, and 99 mg/day for selenium).
Because cigarette smoking is a major potential source of Cd exposure in the general population [30] and has been associated with adverse maternal and fetal outcomes [31] , we performed sensitivity analysis including ever vs. never smoking and an interaction term for U-Cd and smoking status in a multivariable model. Further, we conducted sensitivity analyses excluding participants with samples that were too concentrated (urinary creatinine >300 mg/dL, 1 cohort member) or too dilute (<30 mg/dL of creatinine, 145 cohort members) according to the WHO guidelines [32] . We assessed the effect of U-Cd on blood pressure excluding observations with U-Cd above 1.0 μg/g creatinine (29 subcohort members), to assess whether high UCd concentrations had a large impact in the estimates.
Since we were not able to measure blood pressure for 10, 2, and 32 women at first, second, and third trimester of pregnancy, respectively, we repeated the analyses excluding women with any missing blood pressure determination during pregnancy (N = 44). Finally, hypertension and renal disease are conditions associated with Cd exposure in previous studies [9, 33] . Thus, we examined the extent to which including women with chronic conditions prior to pregnancy such as hypertension, renal disease, and diabetes impacts the results.
All statistical analyses were performed using Stata version 12.0 (StataCorp, College Station, Texas) and the alpha level of 0.05 was employed to define statistical significance.
Results
Select sociodemographic and lifestyle characteristics of the study cohort are summarized in Table 1 . The mean age of study participants was 33 years (standard deviation = 4.4), and the mean gestational age at delivery was 39 weeks (standard deviation = 3.0). Members of the cohort tended to be married (84.7 %), White (85.0 %), never smokers (71.8 %), and physically active during the year before pregnancy and pregnancy (76.4 %). The 71.1 % did not consume alcohol and 97 % took daily vitamins during pregnancy. Approximately 44.4 and 14.2 % of study participants reported family history of hypertension and diabetes, respectively.
Cd Concentrations in the Study Population
The geometric mean for U-Cd was 0.29 μg/g creatinine with a range of 0.1 to 8.2 μg/g creatinine. The mean, 25th and 75th percentile values for U-Cd concentration were 0.39, 0.12, and 0.48 μg/g creatinine, respectively. Older women had higher U-Cd concentrations and gravidity increased across U-Cd tertiles ( Table 1 ). The U-Cd concentrations were not different according to maternal race/ethnicity, educational attainment, income groups, family history of diabetes or hypertension, physical activity, or prenatal vitamin intake ( Table 1) . We did not observe statistically significant differences in U-Cd concentrations among women who reported smoking during pregnancy (N = 43; 0.48 ± 0.57 μg/g Cr), former smokers (N = 130; 0.35 ± 0.23 μg/g Cr), and never smokers (N = 441; 0.39 ± 0.5 μg/g Cr).
We next examined the associations between U-Cd with pre-pregnancy BMI and micronutrients daily intake using FFQ questionnaire. Compared with the first U-Cd tertile, mothers in the highest U-Cd tertile had lower BMI and reported higher intake of zinc, total iron, and no-heme iron from dietary sources ( Table 1 ). Table 2 shows unadjusted and adjusted linear regression analysis of the trimester-specific MAP in relation to U-Cd tertiles. In multivariate adjusted regression models, we observed decreased in MAP at second (−1.1 mmHg; 95 % CI = −2.3, −0.03) and third trimester (−1.8 mmHg; 95 % CI = −3.1, −0.53) of pregnancy among women in the highest U-Cd tertile as compared with those in the lowest U-Cd tertile after adjustment for maternal age, race/ethnicity, parity, smoking, prenatal vitamin use, family history of hypertension, GDM status, and physical activity. Contrary, first trimester MAP was not significantly associated with U-Cd when comparing extreme tertiles in adjusted models (β = −0.54 mmHg; 95 % CI = −1.9, 0.81) ( Table 2 ). All the models were further adjusted for pre-pregnancy BMI and we found BMI was not a confounder. However, the association U-Cd-MAP was restricted to normal/underweight women (pre-pregnancy BMI, ≤25 kg/m 2 ).
Blood Pressure in relation to U-Cd Concentrations
Supplemental Table 1 shows the inverse association between trimester-specific SBP and DBP with U-Cd concentrations. At third trimester of pregnancy, a significant decrease in g Adjusted by total calories intake both SBP (−2.1 mmHg; 95 % CI = −3.74, −0.45) and DBP (−1.7 mmHg; 95 % CI = −2.9, −0.40) was associated with UCd when comparing extreme tertiles, whereas at second trimester, only SBP was significantly lower in the third U-Cd compared with the first U-Cd tertile (−1.78 mmHg; 95 % CI = −3.3, −0.26).
In the multivariable-adjusted logistic regression adjusted by maternal age, race/ethnicity, parity, smoking, family history of hypertension, GDM, and physical activity, every 1 μg/g increase in U-Cd concentrations was not associated with higher risk of PE (RR 0.88; 95 % CI = 0.12, 6.7).
Secondary Analyses
Associations of higher U-Cd with lower third trimester MAP appeared to be stronger among normal/underweight (BMI ≤ 25 kg/m 2 ) women as compared with overweight/ obese women (Fig. 1) . Among normal/underweight women, third trimester MAP was lower (−1.5 mmHg; 95 % CI = −2.96, −0.13) among those with U-Cd in the highest tertile (≥0.42 μg/g creatinine) as compared with those in the lowest tertile (≤0.21 μg/g creatinine). The interaction terms among U-Cd tertiles and BMI categories were not statistically significant.
We analyzed each micronutrient separately and we observed that the inverse association between MAP and UCd was significant in the groups with higher Se, Ca, Mg, or Zn daily intake (>99 mg Se, >1100 mg Ca, >276 mg Mg, >11 mg Zn) and null among lower intake groups (≤99, ≤1100, ≤276, ≤11, respectively) ( Table 3 ; Fig. 2 ). For instance, women in the third U-Cd tertile (vs. first tertile) with high Se intake (>99 mg/day) had lower third trimester MAP (−3.6 mmHg; 95 % CI = −5.5, −1.60; p < 0.001), whereas MAP was not significantly associated with U-Cd in the low selenium intake group (≤99 mg/day). The interaction terms in multivariable models were only significant for high selenium daily intake (>99 mg) and third UCd tertile (−3.15 mmHg; 95 % CI = −5.77, −0.52; p = 0.019) after adjustment for maternal age, race/ethnicity, parity, smoking, prenatal vitamin use, GDM case, physical activity, and total calories intake.
Regarding trimester-specific MAP, micronutrients intake (Mg, Zn, Se) modified U-Cd and MAP associations in the second trimester and no effect modification was found in the first trimester of pregnancy (data not shown).
Further, we compared third trimester MAP in relation to U-Cd among ever smokers [(N = 173) (former and current)] and never smokers (N = 441). Third-trimester MAP decreased in the highest U-Cd tertile (−1.8 mmHg; 95 % CI = −3.34, −0.33; p = 0.017) compared with the lowest tertile (≥0.42 vs ≤0.21 μg/g creatinine) in never smokers. Contrary, no significant associations were found between third trimester-MAP and U-Cd for ever smokers The interaction terms between U-Cd and smoking status were not significant. Finally, we did not find a significant change in the effect estimates more than 10 % in sensitivity analyses after the exclusion of women with (1) high or low creatinine concentrations (<30 or ≥300 mg/dL) or (2) high U-Cd concentrations (>1.0 μg/g creatinine) or (3) missing values of blood pressure across pregnancy. Additionally, we compare the estimates in multivariate models including women with disease conditions prior to pregnancy such as chronic hypertensive cases, renal disease, and diabetes finding no significant changes in the magnitude or direction of U-Cd and BP associations.
Discussion
This cohort study of pregnant women shows that U-Cd is inversely associated third trimester MAP, particularly in normal/underweight women (pre-pregnancy BMI ≤ 25 kg/ m 2 ) and women with high dietary intake of micronutrients (calcium, magnesium, zinc, and selenium). Women who developed preeclampsia during pregnancy did not present higher U-Cd concentrations compared with those who stayed normotensive.
To the best of our knowledge, no previous study has examined possible associations of trimester-specific blood pressure and U-Cd during pregnancy. Our results are in line with some studies [9, 34] , but not all [35] reporting BP decrease in relation to higher levels of U-Cd among no pregnant adults. For instance, Kurihara et al. [34] found lower risk of hypertension associated with U-Cd in men (odds ratio (OR) = 0.62; mean U-Cd 1.8 μg/g Cr) and women (OR = 0.67; mean U-Cd 2.4 μg/g Cr) after adjustment by age, BMI, smoking, alcohol Adjusted for maternal age, race/ethnicity, parity, smoking, prenatal vitamin use, family history of hypertension, GDM case, calories intake, and physical activity for women with micronutrient high intake: calcium (>1100 mg, adjusted R-square = 0.039); magnesium (>276 mg, adjusted R-square = 0.072); zinc (>11 mg, adjusted R-square = 0.055); and selenium (>99 mg; adjusted R-square = 0.088) *p value <0.05; **p value <0.001 intake, and serum chemistry. Contrary, Tellez-Plaza et al. [35] using the 1999-2004 National Health and Nutrition Examination Survey (NHANES) reported no significant associations between SBP or DBP with U-Cd in multivariate models adjusted for age, sex, race/ethnicity, education, smoking status, cotinine, alcohol intake, among other confounders. A meta-analysis suggested lower hypertension risk (OR = 0.65; 95 % CI = 0.45-0.94) associated with higher U-Cd concentrations [9] . Pregnancy is known as a susceptible period to Cd toxicity due to low iron concentrations and Cd mobilization from liver to kidney, among other factors [36] . Specifically, at third trimester of pregnancy, blood concentrations of some metals increase because of increases in bone turnover and/or increased in gastrointestinal absorption [37] . Interestingly, U-Cd was inversely associated with blood pressure at third trimester of pregnancy. Late pregnancy might be a susceptible window to Cd toxicity because of a reduction of maternal metallothionein (MT) (MT-1 and MT-2 isoforms) [38, 39] . Maternal rat liver concentrations of MT messenger RNA (mRNA) decrease fivefold in late gestation compared to expression values earlier in pregnancy [39] . MT decrease in late pregnancy also corresponds to a time of rising MT mRNA in fetal liver and increased transfer of Zn across the placenta [39] . MT has been proposed as playing an important role in the homeostasis of essential metals and in the detoxification of heavy metals [40] . Future studies are needed to clarify the influence of maternal MT variation during pregnancy on the Cd-blood pressure association.
Possible biological mechanisms for the inverse relationship between Cd and blood pressure are suggested through animal models. Sutoo and Akiyama showed that Cd reduces BP and inhibits sympathetic nerve activity through dopamine increase via calcium-calmodulin in rats [41] . Cd might be also associated with low blood pressure through estrogenic effects. Previous evidence shows that cadmium mimics the in vivo effects of estradiol in target organs in animal studies [42] and estradiol has been associated with blood pressure decrease in women [43] . In clear contrast with our results, previous studies showed endothelial dysfunction and oxidative stress associated with Cd exposure [44] possibly linked to blood pressure increase [45] .
At molecular level, Cd competes with calcium, selenium, and magnesium and low intake of these micronutrients has been associated with higher risk of preeclampsia [15] [16] [17] 21] . We are aware of only one prior study that Women with higher placental concentrations of selenium had lower PE risk associated with Cd (OR = 0.98; 95 % CI = 0.5-1.9) compared with those with lower placental selenium levels (OR = 2.0; 95 % CI = 1.1-3.5) [19] . Contrary to Laine, we found blood pressure decrease associated with UCd (≥0.42 vs. ≤0.21 μg/g Cr) in those women with high Se dietary intake (≥99 mg/day) compared with low Se intake group (<99 mg/day). Obvious differences exist between these two studies and the effects of micronutrients on Cdblood pressure associations need to be further investigated. In our study setting, U-Cd concentrations increased in those women with higher dietary intake of zinc and non-heme iron. Food sources of non-heme iron include egg yolks and foods of plant origin [46] while seafood (oyster, crab, and lobster) is a source of both Zn [47] and Cd [1, 10] . It is reasonable to think that seafood might be one of the sources of Cd exposure in our study setting, among other food sources. A previous study conducted in Seattle, WA,-among women with no reported history of smoking-showed increased U-Cd concentrations associated with regular intake of eggs, hot cereals, organ meats, tofu, vegetable soups, leafy greens, and yams [48] .
On the other hand, our results did not show a statistically significant association between U-Cd and smoking status. Our finding might be explained at least in part due to smoking habits during pregnancy tend to be less common and diet might be the main source of Cd exposure [49] . The magnitude of association between U-Cd and maternal smoking status may be underestimated, in part because of biased reporting of cigarette smoking in pregnancy. Inferences concerning the relation between maternal smoking and her exposure to environmental tobacco smoke may be enhanced in studies that directly measure maternal urine cotinine. By doing so, we may improve the accuracy of classifying study subjects according to their tobacco smoke exposure status during pregnancy.
Regarding BMI, our results showed an inverse association between U-Cd and blood pressure in normal/ underweight women but not in overweight/obese women. Liu et al. observed a negative association between BMI and blood Cd during pregnancy [50] . Friedman observed in Ukrainian children a significant association between low BMI and elevated blood Cd [51] . Animal research has shown that protein-caloric malnutrition can increase Cd absorption [52] . Accordingly, our results showed increased U-Cd concentration with lower BMI. The possibility that Cd might accumulate in fat tissue and be less available to exert its effects should be addressed in future studies.
Finally, our findings did not support a positive association between incident preeclampsia and U-Cd. U-Cd concentrations were not different among women who developed preeclampsia as compared with those who remained normotensive throughout pregnancy (0.32 vs. 0.39 μg/g creatinine, respectively). Consistent with our results, Cd concentrations assessed in mother whole blood (0.54 vs. 0.50 μg/L) or umbilical cord blood (0.34 vs. 0.35 μg/L) were not significantly different in preeclamptic women compared the control group [53] . In the EDEN Cohort Study, comparable B-Cd concentrations were found in the pregnancy-induced hypertension (PIH) (0.8 μg/L) group and normotensive pregnant women (0.7 μg/L) [54] . However, other investigators have observed associations of preeclampsia/PIH with elevated serum Cd [18] . For instance, Kolusari in Turkey found significantly higher Cd serum concentrations in the preeclamptic women compared with normotensive pregnant women (0.033 vs. 0.029 μg/dL, respectively) [18] . Variations in these findings may be in part due to differences in biological samples used (blood vs. urine) for Cd determination, sample size, sensitivity of the techniques employed for Cd determination, study populations, study design, and varying degrees of control for confounding factors. On the other hand, animal studies have shown features of preeclampsia including hypertension and proteinuria [55] .
The present study has a number of strengths and limitations. We used a large well-characterized cohort of pregnant women to complete our research. Structured interviews, medical record abstraction, and a semi-quantitative FFQ provided rich covariate data. Urinary metals were assessed using a robust, well-validated, and accurate method (ICP-MS). Further, our study and its findings provide new information to address a knowledge gap in the literature. There are some limitations of using creatinine to adjust for urine dilution [56] . Although U-Cd was assessed in early pregnancy, previous studies have showed that urinary Cd concentrations remain constant over the course of pregnancy [57, 58] . The inverse associations between U-Cd and MAP cannot be extended to the general population due to effect modification of micronutrients and pre-pregnancy BMI. On the other hand, given that Cd is a well-established nephrotoxicant even at low concentrations of chronic exposure [33] , underestimation of the potential effects of Cd on blood pressure and hypertension is a concern. Metallothionein concentrations, which could explain part of the variability of the association of cadmium with blood pressure end points, were not determined in our study.
This study represents the first exploration of relationships among trimester-specific blood pressure and U-Cd considering the effect of dietary intake of micronutrients. Future studies should take into account diet when assessing the health effects of Cd in pregnant women.
